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Abstract: The main purpose of this study is to investigate the flexural characteristics of a functionally
layered fiber-reinforced cementitious composite (FL-FRCC) with polyvinyl alcohol fibers and to
verify the adaptability of the proposed tri-linear stress-strain model based on the bridging law for
large fiber orientation intensity, which shows the fiber orientation distribution as almost 2-D. The
average maximum bending moment of FL-FRCC specimens is almost twice that of homogeneous
(Hmg-FRCC) specimens, which indicates that the FL-FRCC specimens lead to larger bending capacity.
The proposed wide-range stress-strain model based on the bridging law was verified and showed
good adaptability with the experimental results through a comparison with the conducted section
analysis.

Keywords: fiber-reinforced cementitious composite; functionally layered material; bridging law;
flexural characteristic; section analysis; fiber orientation intensity

1. Introduction

Conventional fiber-reinforced cementitious composites (FRCCs), which adopt a certain
volume fraction of synthetic or metallic fibers in cementitious-based materials, have been
widely employed in various infrastructure and building facilities such as tunnel lining,
bridge decks, and wall panels [1,2]. Since the crack bridging performance of the mixed
fibers can effectively enhance the flexural and durability performance whilst improving
the inherent brittleness of the cementitious structure after the first crack development [3,4],
a number of researches [5-8] have been devoted to assess and evaluate the mechanical
properties of FRCCs.

It is reported that multiple factors, which include the casting directions, flow, fiber
orientation, and formwork geometry, etc. [9], affect the strain or deflection hardening
and ductile performance. Fiber orientation and distribution, which can directly affect the
bridging performance of FRCCs, are considered to be two of the most significant influential
factors due to the high viscosity and self-consolidating properties of the cementitious matrix.
Krenchel [10] attempted to apply a coupled parameter of the orientation and distribution
of the fibers from a wider perspective than mere particular cases, which allows for a better
understanding of the fracture results. Laranjeira [11] proposed a parametric study and
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steel fibers. It should be pointed out that the fiber orientation changes at random from 2-D
to 3-D due to the dimensions of the specimen [12]. Kanakubo et al. (2016) [13] introduced
an elliptic function to quantitatively evaluate the fiber orientation intensity, which reflects
the orientation tendency of fibers, and investigated the influence of casting direction
on fiber orientation distribution. Duque and Graybeal [14] discussed and validated the
anisotropy in the fiber orientation distribution and the tensile mechanical properties as a
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consequence of the casting process and the flow pattern. They proposed a fiber orientation
factor considering the fiber orientation distribution impact on the design methodologies for
ultra-high performance fiber reinforced concrete (UHPFRC). Kang and Kim [15] used the
image analysis process and bending tests to confirm that the fiber orientation distribution
has a strong impact on the deflection hardening behavior in bending using the measured
fiber orientation distributions for two different flexural performances.

Functionally layered materials, including functionally graded materials, are new types
of composite materials that improve the deficiency of individual material properties and
take full advantage of each material by a specific process. These kinds of composite materi-
als have undergone a series of materials and emerging structural developments after the
concept introduction for industrial applications such as in the aerospace, automotive, and
biomedical fields [16-18]. Some studies [19-23] have applied the concept of a functional
gradient to the field of cementitious structures in order to maximize the rational applica-
tion of the mechanical properties while reducing costs and the emission of greenhouse
gases. Torelli and Lees [24] proposed an original fresh-on-fresh casting method to generate
functionally layered concrete sections composed of an external U-shaped durability layer
of low porosity concrete and a rectangular lightweight bulk core section, which aimed at
minimizing the use of cement and to reduce the self-weight of precast concrete beams. Dias
et al. (2010) [25] employed the thermogravimetric analysis to assess fiber distribution and
four-point bending tests to evaluate the mechanical performance of both conventional and
graded composites. Lai et al. (2021) [26] focused on the effect of high-speed penetration to
explosion resistance of the functionally graded cementitious composite and proposed the
improved empirical formulas for penetration, explosion, and the coupling of penetration
and explosion, respectively. Bao et al. (2023) [27] optimized the design of functionally
graded ultra-high performance cementitious composite (FGUHPCC) by using a numerical
simulation program named RFPA3D and investigated the flexural behavior of FGUHPCC.
Kanakubo and Koba [28] investigated the flexural characteristics of functionally graded
fiber-reinforced cementitious composite (FG-FRCC) concerning the fiber volume fraction
varying in layers and the layered effect in bending specimens.

The layered FRCC, in which the fibers tend to show a 2-D orientation, has the possibil-
ity to maximize the bridging effect of the fibers, and leads to the higher tensile performance
and durability of the FRCC. It is considered that the 2-D orientation of fibers can be gen-
erated easily if the thickness of the layer becomes smaller than the length of dispersed
fibers. The main purpose of this study is to try to fabricate the functionally layered fiber-
reinforced cementitious composite (FL-FRCC) and investigate its characteristics through
evaluating the bending test and the section analysis. To perform the section analysis, a ten-
sile stress—strain model is required. This study also aims to propose a tensile stress—strain
model of FRCC with wider applicability based on the bridging law (tensile stress—crack
width relationship) and fiber orientation. The bridging law of 2-D oriented FRCC can be
represented by the proposed model. The target fibers are polyvinyl alcohol (PVA) fibers, in
which the bridging law has been studied by authors [13]. This previous study has described
the effect of fiber orientation on the bridging law using the fiber orientation intensity, k. The
random orientation of fibers is given by k = 1. When the value of k is larger than 1, fibers
tend to orient toward the principal direction. In the case of a completely one-directional
orientation, k is represented by infinite. In the range of k from 0.5 to 6, good adaptability has
been confirmed between the calculated bridging law and the uniaxial tension test results in
this previous study.

2. Modification of the Bridging Law for PVA-FRCC

The authors have conducted a previous study on a visualization simulation experiment
using a water—glass solution [29]. This previous research mainly focused on the influence
of the placing thickness on fiber orientation distribution and the bridging law, which leads
to the conclusion that a smaller placing thickness can effectively improve the bending
performance of the FRCC. Figure 1 shows examples of the visualization simulation in
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the case of a 10 mm placing thickness. The black nylon fibers are 12 mm in length and
0.24 mm in diameter, which can be easily identified in the transparent water glass where
a solution is applied in the visualization simulation experiment. It has been recognized
that the fibers strongly tend to orientate in the axial direction (y-axis) in the y—z plane.
The histograms for a placing thickness of 10 mm were generated by image progress and
statistical counting, as shown in Figure 2. The values for the fiber orientation intensity, k,
shown in the figures exhibit the results of the regression analysis in the histograms. In this
case, the fiber orientation with a placing thickness of 10 mm can be simplified as a 2-D
issue, which is considered to be consistent with the situation that nearly all the fibers in the
y—z plane in the matrix are in the same orientation.

Figure 1. Photos of the water—glass simulation, side and up view, with a 10 mm placing thickness [29].
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Figure 2. Fiber angle histograms with a placing thickness of 10 mm [29]: (a) y-z plane; (b) x-y plane.

Ozu et al. (2018) [30] has proposed a tri-linear model, described by Equation (1),
that gives the bridging law considering fiber orientation expressed by the function of the
fiber orientation intensity, k, based on the calculated bridging law shown in Figure 3a.
Figure 3b illustrates the proposed tri-linear model of the bridging law characterized by the
parameters in Equation (1) [30]. The proposed model has been built for the range of k from
0 to 10. Using this model extrapolated, the values of tensile stresses become infinite as the
value of k becomes infinite. This fact results in the Ozu-proposed model not being able
to be adopted for FRCCs with a 10 mm placing thickness, in which the value of k is large
enough.

max = 2.0 - k030

0y = 0.60 - K073 1)
Omax = 0.20 - K018

where, 0max: maximum tensile stress, MPa; 0y: tensile stress at second snapping point, MPa;
Omax: crack width at opax, mm.
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Figure 3. Calculation result and tri-linear model of the bridging law for PVA-FRCC [30]: (a) Calcula-
tion result; (b) Tri-linear model.

The proposed model has been derived by the calculation results of the bridging law,
i.e., the summation of the pullout load of all individual fibers crossing the crack [13]. This
calculation method can give the maximum bridging force if all the fibers in the matrix
are in the same orientation. In the previous study [13], the maximum pullout load of the
individual fiber is given as 3.0 N in the case of target PVA fibers (0.1 mm diameter and
12 mm length). Thus, the maximum tensile stress in the case of a volume fraction of 2% can
be given by following formula:

Y Pmax _ Nf’Pmax -V Am ) Prax - ﬁ

Omax = A, = A, = Vs Tf A, = Af Prax = 7.6 MPa (2)

where Veis the fiber volume fraction, 2%; N ris the total number of fibers; A ris the sectional
area of the fiber, 0.007854 mm?2; A,, is the cross-sectional area of the matrix; and Pmay is the
maximum pullout load of an individual fiber, 3.0 N.

The crack width at the maximum pullout load of an individual fiber is given as
0.45 mm [13]. If all the fibers in the matrix are in the same orientation, the crack width at
the maximum tensile stress can be given at the same crack width.

Based on the above-mentioned considerations and the same input value as in a previ-
ous study [29], tri-linear models of maximum tensile stress and crack width at maximum
tensile stress are asymptotically approaching 7.6 MPa and 0.45 mm, respectively, when
k is infinite. Based on the regression analysis with the calculation results, the following
formulas are proposed, as shown in Figure 4.

Omax = —5.4/ (K1%) +7.6
0 = —6.6/(k"12) +7.6 (3)
Smax = —1/ (k%74 +3.1) +0.45

where, Omax, 02, and dmax all refer to the same meaning as in Equation (1).
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Figure 4. Comparison of tensile stresses and crack width in proposed model and Ozu model:
(a) Omax — k; (b) 02 — k; (€) max — k.

The comparison of the proposed model and previously studied model (Ozu model) [30]
are shown in Figure 5; in the case of a fiber orientation intensity of 2.8 and 250, those are the
averaged fiber orientation intensity values between the y—z and x-y planes for a 100 mm
placing thickness and a 10 mm one, respectively [29].
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Figure 5. Comparison of proposed model and the Ozu model: (a) k = 2.8; (b) k = 250.

As Figure 4 revealed, the fitting result based on the proposed model is slightly better
than the Ozu model when the fiber orientation intensity ranges from 0 to 20. As for
Figure 5, in the case where the fiber orientation intensity, k, is 2.8, both the tensile stress—
strain relationship derived from the proposed model and the Ozu model are nearly the
same, which is consistent with the former fitting effect. However, in the case where the fiber
orientation intensity is 250, the proposed model can still effectively describe the relationship
between tensile stress and crack width, while the results of Ozu’s model lead to a large
discrepancy with the actual cognition relationship. By comparing the described results of
the models, it can be considered that the proposed model can more accurately describe
the bridging law of the fiber orientation intensity and has a wider application range from
0 to infinite.
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3. Experiment Program

In FL-FRCC, the thickness of each layer is smaller than the fiber length and the fibers
tend to show a 2-D orientation, creating a possibility to maximize the bridging effect of the
fibers, which leads to a higher tensile performance. In order to verify this consideration, FL-
FRCC specimens and homogeneous (Hmg-FRCC) specimens are designed and fabricated
per the following instructions.

3.1. Materials

The mechanical properties of the PVA fibers utilized in this study are listed in Table 1,
which are the same with those used in previous studies [13,29,30]. The mixture proportion
of FRCC is listed in Table 2 and the fiber volume fraction of both FL-FRCC specimens and
Hmg-FRCC specimens are set to 2%. Both the FL-FRCC and Hmg-FRCC specimens follow
the same fabrication order as below. Firstly, early-strength cement, fly ash, sand and drying
shrinkage reducing agent are added in at one time and mixed for 60 s. Secondly, water and
a high-range water reducing agent are added in the mixer. After 180 s of mixing, the first
flow time test based on the test method for the flowability of grout for prestressing tendons
(JSCE-F 531) [31] is then carried out to measure the rheology of the matrix. The second flow
time test is conducted after the addition of thickener to increase the viscosity and fluidity of
the matrix. The results of the two flow time tests are 15.3 s and 54.5 s, respectively. In order
to fully mix the PVA fibers, half of the fibers are added to the mixer for the first mixing of
30 s, and the other half of the fibers are then added to the mixer for 120 s of mixing. Finally,
the air content of the FRCC is measured, which result refers to 3.9%.

Table 1. Mechanical properties of the PVA fiber applied in this study.

Tepe Diameter Length Tensile Strength Elastic Modulus
yp (mm) (mm) (MPa) (GPa)
PVA 0.10 12 1200 28
Table 2. Mixture proportion of the FRCC.
Water to Sand by Unit Weight (kg/m®)
Binder Ratio Binder Ratio Water Cement Fly Ash Sand PVA Fiber
0.39 0.50 380 678 291 484 26

3.2. Specimen

The specimen type overview is listed in Table 3. Each 400 x 100 x 10 mm FL-FRCC-
plate is poured in the same direction. One side of the mold is raised 12 mm to ensure that
the FRCC is poured in the same direction under the gravity effect, as shown in Figure 6.
Individual FL-FRCC plates are cured for two weeks at room environment, and the execution
works for the bonding of plates are carried out. Considering the adhesive thicknesses of
the layers, every nine of plates are bonded together with epoxy adhesive to make the total
height of the whole FL-FRCC specimen around 100 mm. The epoxy adhesive used in this
study is made by Mitsubishi Chemical Infratec Co., Ltd. The main properties of the epoxy
adhesive provided by the maker are listed in Table 4. The main agent and hardener of the
epoxy resin are fully mixed at a weight ratio of 2:1. Clamps and a guider are used to tie
up and retain the holistic shape and height of the specimen consistent with homogeneous
specimen until the epoxy adhesive is tightly bonded with each layer, as shown in Figure 7.
The spilled epoxy adhesive is scraped off to keep the specimen surface flat. After the fixed
formation of the whole FL-FRCC specimen, the height of the specimen was measured, as
shown in Figure 8, and the results are listed in Table 5.
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Table 3. Specimen type overview.

Dimensions
Specimen Type LxWxH Number of Specimens
(mm)
FL-FRCC 400 x 100 x 10 x 9 layers 3
Hmg-FRCC 400 x 100 x 100 5

NP 2AR

Direction of flow

Figure 6. Casting of FRCC plates.

Figure 7. Clamps and guider applied to retain the holistic shape.
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Table 4. Properties of epoxy adhesive.

Specific Gravity Concrete Adhesive Strength *

Viscosity

(Hardened Product) (N/mm?)
Test value 1.92 Putty-liked 3.2
* Tested followed “Testing Methods for Paints (JIS K 5400)” [32].
Measurement 12
Measurement 13
N Measurement 14
Measurement 8 9
Measurement 7 ace : ‘ ‘ g 9 layers
\QQ : 5\“ L ;
Measurement 6 'Cag D
AR
MeasurementQS ' Measurement 4
Measurement 3
Measurement 11
Measurement 10— Measurement 2
Measurement 9
Measurement 1
2525|2525

Figure 8. Height measuring points of the FL-FRCC specimen.

Table 5. Height measuring results of the FL-FRCC specimen.

Height at Measuring Point (mm)

Specimen No.

2 3 4 5 6 7

8 9 10 11 12 13 14 Average
) 103.2 100.8 99.2 9758 105.1 101.6 101.7 1009
99.1 97.1 98.0 99.2 104.2 103.1 103.0 :
) 100.4 100.7 100.8 99.7 100.2 99.7 101.7 1000
99.6 98.8 99.0 99.0 100.0 100.0 100.0
s 101.8 101.8 101.6 101.3 101.4 101.6 101.8 L1
102.6 102.4 102.3 102.6 102.0 101.8 100.5 :

Four-point bending tests are conducted to obtain the relationship of the bending mo-
ment and curvature following ISO 21914:2019 [33] using the universal loading machine. The
mi-type linear variable displacement transducers (LVDT) are respectively set at 15 mm from
the edge of the specimen. All the FL-FRCC and Hmg-FRCC specimens are set on the test
platform of the loading machine with the same placing method where the casting surface is
kept upside, as shown in Figure 9. For compressive strength, 100 mm x 200 mm cylinder
test pieces are prepared and tested according to the instruction of ISO 1920-4:2020 [34]. The
result of the average compressive strength is 55.6 MPa.
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/Casting surface
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70
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50 100 100 100 50 unit: mm

Figure 9. Four-point loading configuration.

4. Experiment Results
4.1. Failure Pattern

Figure 10 shows the typical crack development results of the FL-FRCC specimens
and Hmg-FRCC specimens after loading. It can be learned from the Figure 10 that only
one crack developed in the middle area of each of the FL-FRCC and Hmg-FRCC specimens.
Numerous PVA fibers can be seen on the ruptured section of both specimens.

(@) (b)

Figure 10. Typical failure type of the specimens after loading: (a) FL-FRCC specimen; (b) Hmg-FRCC
specimen.

4.2. Bending Moment: A Curvature Relationship

The relationship between the bending moment and curvature is shown in Figure 11.
The initial crack of each Hmg-FRCC specimen is observed before it reaches the maximum
bending moment. For FL-FRCC specimens, the initial crack of each specimen is observed
before reaching the maximum bending moment, but very soon, the FL-FRCC specimens
reach the maximum bending moment. For Hmg-FRCC specimens, after reaching the
maximum value, the bending moment decreases with the increase in the curvature. This
bending moment—curvature relationship tendency also applies to FL-FRCC specimens.
However, the curves of FL-FRCC specimens all show a steeper decline phase after reaching
the maximum bending moment, which indicated a relative brittleness in this kind of FL-
FRCC specimen, while the curve of Hmg-FRCC specimens decrease more slowly with
the increase in the curvature. The maximum bending moments of specimens are listed in
Table 6. The average maximum bending moment of FL-FRCC specimens is 1.62 MPa, which
is almost two times that of Hmg-FRCC specimens. This fact indicates that the FL-FRCC
specimens could have a larger bending capacity.
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Figure 11. Bending moment—curvature curves of the FL-FRCC and Hmg-FRCC specimens:
(a) FL-FRCC; (b) Hmg-FRCC.

Table 6. List of maximum bending moments.

Experiment Section Analysis
Max .
. . Ratio of
Max. Bending Moment Curvature at Absorbed Bending Curvature at .

. Experiment
Specimen eMax eMmnax Energy Moment aMinax to Analvsis
Type (kN'm) (1/m) (N-m) aMmax (1/m) y

(kN i m) eMmax/uMmax
Avg. STDV Avg. Avg.
FL-FRCC 1.62 0.176 0.022 47.3 1.66 0.136 0.98
Hmg-FRCC 0.87 0.036 0.119 41.6 0.94 0.048 0.93

4.3. Comparison of the Section Analysis and Experiment Results

Section analysis based on the proposed bridging law is conducted to compare with
the experiment results. The stress—strain model used in the analysis is shown in Figure 12.
The proposed bridging law, given by Equation (3) and shown in Figure 5, is converted to a
tensile stress—strain model as that the crack width is divided by the gauge length of LVDTs,
which is equal to the length of the constant moment region. Popovics [35] introduced the
complete stress—strain models of concrete and mortar, which provided a better fitting effect
compared to the experiment, as expressed by Equation (4). Popovics” model is also applied
in the compression side of stress—strain model in the section analysis of this study. The
compressive strength and strain at the maximum stress are decided as the average results
obtained by the compression test described in Section 3.2. The coefficient 7 is obtained by
the fitting calculation of the compression test results, as shown in Figure 13.

(o _ 3 . n (4)

Omax .Smax (n — 1) + (5/€max)n

where gmax is the compressive strength of the specimen; emax is the strain at maximum
stress; and # is the coefficient.
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Figure 12. Stress—strain models of FL-FRCC and Hmg-FRCC for the section analysis.

Table 6 lists the results of the section analysis comparing the experiment results. It
can be seen from the results of the section analysis that the maximum bending moment
of FL-FRCC specimens is 1.66 MPa, which is 1.77 times that of Hmg-FRCC specimens.
For both FL-FRCC and Hmg-FRCC specimens, it is considered that the section analysis
results show a good consistency with the experiment results since the ratio of experiment to
analysis is around 1.00, in which the deviation is no more than 10%, especially for FL-FRCC
specimens. This fact also verifies that the proposed bridging law in Section 2 considers the
infinite orientation intensity and shows good adaptability with FL-FRCC specimens.

Curvatures at the maximum bending moment calculated by the section analysis do not
show good adaptability with the ones obtained by the experiment. The reasons for that are
considered to be that the layered FRCC would cause a chain of fractures in each adjacent
layer in the case of FL-FRCC specimens. In the case of Hmg-FRCC specimens, the wide
constant moment region around the maximum bending moment leads to the scattering of
the curvature at the maximum. On the other hand, the absorbed energy generally refers
to the ability of materials to absorb the post-crack energy and can be calculated from
the bending moment-rotation angle relationship. In this study, the absorbed energy was
calculated from 0 to 0.05 of the rotation angles (equal to a curvature of 0 to 0.50 m~!) and
the results are listed in Table 6. The experiment results show that the absorbed energy of
FL-FRCC specimens is 1.14 times larger than that of Hmg-FRCC specimens, which indicates
that FL-FRCC specimens have a larger bending capacity but also an increased relative
brittleness compared to the Hmg-FRCC specimens.
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Figure 13. Comparison of Popovics’ model and the compression test results.

The stress distributions in the cross-section at the maximum bending moment are
shown in Figure 14. For Hmg-FRCC specimens, the maximum bending moment would
occur while the tensile stress reaches the maximum at about one-fourth of the cross-section
height from the tension edge. As for FL-FRCC specimens, the tensile stress reaches the
maximum at approximately half of the cross-section height from the compression edge;
thus, it is considered that FL-FRCC specimens can effectively apply the bending capacity of
the whole specimen.

100 . . 100 r
R — FL-FRCC R — Hmg-FRCC|
g g
S
E E T
) &
o o
o o
7 @
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fant 50 = 50
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S hal
] o
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(a) (b)
Figure 14. Stress distribution in the section analysis: (a) FL-FRCC; (b) Hmg-FRCC.
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5. Conclusions

Based on the proposed stress—strain model considering the bridging law and the
results of the bending tests and section analysis conducted to investigate the flexural
characteristics of the FL-FRCC, the following conclusions can be drawn:

1. Based on the previous visualization simulation results, a bridging law model is
proposed with a wider range of fiber orientation intensity applications, including
the situation of being infinite. Compared to the Ozu model, the proposed model has
proven to have a better fitting and predicting effect;

2. FL-FRCC specimens, in which the thickness of each layer is smaller than the fiber
length and the mixed fibers tend to show a 2-D orientation, are fabricated. Bending
tests were conducted and the results show that the average maximum bending mo-
ment of FL-FRCC specimens is nearly twice that of the Hmg-FRCC specimens. The
bending moment-curvature curves of FL-FRCC specimens shows a steeper decline
phase after reaching the maximum bending moment compared to that of Hmg-FRCC
specimens. And the absorbed energy of FL-FRCC specimens is also larger than that
of Hmg-FRCC specimens. These facts suggest the FL-FRCC specimens can lead to a
larger bending capacity and also the relative brittleness compared to the Hmg-FRCC
specimens;

3. Section analysis based on the proposed stress—strain model was conducted. The
ratio of the experiment to analysis ranged from 0.93 to 0.98, which can lead to the
conclusion that the section analysis shows a good adaptability with the experiment
result. Curvatures at the maximum bending moment calculated by the section analysis
do not show good adaptability with the ones obtained by the experiment. The reasons
for that are considered to be that the layered FRCC would cause a chain of fractures
in each adjacent layer in the case of FL-FRCC specimens. In the case of Hmg-FRCC
specimens, the wide constant moment region around the maximum bending moment
leads to the scattering of the curvature at the maximum;

4. For FL-FRCC specimens, the tensile stress reaches the maximum at approximately
half of the cross-section height from the compression edge; it is considered that FL-
FRCC specimens can effectively apply the bending capacity of the whole specimen
compared to the Hmg-FRCC specimens.
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